We had recently measured a chromatic dispersion of optical fiber and a time delay of chirped fiber grating based on a bidirectional modulation of an optical intensity modulator. In this paper, we analyze characteristics of the chromatic dispersion measurement method using a bidirectional modulation of an optical intensity modulator, and give a detailed explanation about the selection of measurement setup parameters to achieve an accurate measurement. We also propose modified measurement system to decrease relative intensity noise caused by the bidirectional transmission through a device under test
INTRODUCTION
Pulse broadening caused by a chromatic dispersion has been the main limitation on increasing the single channel data rate and transmission distance of optical fiber communication systems. Thus a compensation of the total chromatic dispersion for transmission path is critical to the design and the construction of a long-haul and high speed optical fiber communication system. For accurate compensat ion of the chromatic dispersion, the measurement of the chromatic dispersion must be performed to design and manufacture the optical fiber and components such as chromatic dispersion compensators and wavelength division multiplexing components. The chromatic dispersion must also be measured with the installation of new systems or the upgrade of existing systems to higher bit rate systems in the field. The measurement of chromatic dispersion is commonly carried out using the phase-shift method [1] . Although this method provides highly accurate and reliable measurements, the phase instability and phase resolution are affected by modulation frequency and wavelength step size.
In recent letters [ 2] - [4] , we had proposed a chromatic dispersion measurement method based on bidirectional modulation of an optical intensity modulator (OIM). In [2] - [4] , however, a simple description of the measurement method and measured results of optical fiber and chirped fiber grating were given, but there are no considerations related to their characteristics and problems. In this paper, we give a detailed explanation about the selection of measurement setup parameters to achieve an accurate measurement of chromatic dispersion by the proposed method and also propose the modified measurement system to decrease the relative intensity noise caused by bidirectional transmission through a device under test (DUT). Figure 1 shows a schematic diagram of the modified chromatic measurement system using a bidirectional modulation of an OIM. This system has lower relative intensity noise than the previous system [3] , because there is no bidirectional transmission of a modulated optical signal through the DUT. Light from a tunable laser experiences a co -propagating modulation by the OIM and travels through the optical circulator#2 and the DUT. The modulated light is incident on the output port of the OIM and experiences a counter -propagating modulation by the RF signal with a time delay τ corresponding to the length of the DUT. The bidirectionally modulated light with the time difference is detected by a photodetector through an optical circulator #1. A network analyzer (NA) measures the system transfer function with periodical ripples in the RF domain.
MEASUREMENT METHOD
The modulating process of the bi-directional modulation of the OIM in Figure 1 can be considered as the equivalent model shown in Figure 2 , having two cascaded OIMs in series. T he arrow directions in the OIMs indicate the direction of san input port of the OIMs. In the course of propagation, the right -handed propagating light through the OIM experiences the co-propagating modulation by the RF signal without time delay, where the microwave and the optical signal propagate in the same direction. On the other hand, the left-handed propagating light through the OIM experiences the counter-propagating modulation by the RF signal with time delay, where the microwave and the optical signal propagate in the opposite direction. The transfer function of the system is given as [2] [3] 
where H 1 (f) and H 2 (f) are the transfer functions of co-propagating and counter-propagating modulation of the OIM, respectively, A 0 is constant, and τ is the time delay corresponding to the length of the DUT. Any change in the time delay of the DUT produces a corresponding change in the ripple period or free spectral range (FSR) of the transfer function H(f). T he time delay and dispersion of the DUT are obtained by measuring the change ∆f m of null frequency f m or the absolute FSR of H(f). Both measurements require special attention to the selection of the measurement setup parameters to achieve an accurate measurement. Thus we examine the characteristics of the system concerning the selection of setup parameters, and the limits of the system. 
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Measurement of the change in null frequency
In measuring the change in null frequency, the change of null frequency should be higher than the difference of between the sampled points and also lower than FSR/2 in the NA to avoid a frequency wrapping error. We find the start frequency of the NA to satisfy the conditions according to the length and the dispersion of the DUT and the wavelength step. We also decide the minimum measurable length of the DUT, which is limited by the bandwidth of the transfer function of counter-propagating modulation in the OIM.
The change of FSR produced by the wavelength step ∆λ is given by
where ∆τ is the change in time delay and D, L, and v g are the chromatic dispersion, length, and group velocity of the DUT, respectively. The change of null frequency ∆f m should be higher than the difference between the sampled points and also lower than FSRλ/2 in the NA to avoid a frequency wrapping error, as illustrated in Figure 2 . This condition is expressed by
where f SPAN and N are the frequency span and the number of sampling points of the NA, respectively, and N a is the number of nulls frequency within f SPAN . From eqn. (2) and (3), the start frequency f START of the NA should satisfy the condition given by where D, ∆λ, ∆f m , and v g are expressed in units of ps/km/nm, nm, Hz, and km/s, respectively. And the available maximum frequency of the system is limited by the bandwidth of H2(f) in the OIM because the high modulation efficiency of reverse direction cannot be achieved when the modulation frequency increases. From eq. (3), we can also decide the minimum measurable length of DUT given by
where B counter is the 3 dB bandwidth of H 2 (f) of the OIM.
Measurement of the absolute FSR
In measurement of the absolute FSR, the proper selection of the frequency span f SPA N of the NA corresponding to the length of the DUT is important for the accurate measurement of the absolute FSR . Especially, when the DUT is long, the f SPAN must be small enough to collect two or more samples per FSR. If f SPAN is so wide that less than two samples per FSR are measured, the aliasing error is caused because the number of sampling points of NA is limited. The aliasingfree frequency span f SPAN of the NA is expressed as
To find the absolute time delay (or 1/FSR) from the measured transfer function, we used the cross-correlation between the measured data and the theoretical equation instead of measuring the FSR directly. However, in the course of the cross-correlation, the aliasing problem also arises with several repeated peaks at each wavelength. Thus we use the transfer function measured at two frequency bands of the NA to eliminate the aliasing problem.
EXPERIMENT
In order to verify the performance of the measurement system, we have measured the chromatic dispersion of an optical fiber with a length of 2.235 km. In the experiment we used a tunable laser with a tuning range of 1500 -1580 nm, and a 10GHz-bandwidth OIM. Here we used the traveling wave electrode type OIM that was designed to be modulated in one direction. However, the modulation of the reverse direction can be achieved when the modulation frequency is significantly lower than the bandwidth of the OIM [5] . Figure 5 shows the measured transfer function H(f) while the modulation frequency varies from 800 MHz to 801 MHz at three different wavelengths. As the wavelength is changed, we can see that the period of the transfer function clearly shifts. To find the absolute time delay (or 1/FSR) from the measured H(f), we used the cross-correlation between the measured data and eq. (1) instead of measuring the FSR of H(f) directly. Figure 6(a) shows the results of crosscorrelation between the measured data and eq. (1) against the time delay. The maximum values at each wavelength correspond to the absolute time delay of the DUT. However, the aliasing problem is caused by several repeated peaks at each wavelength. We can eliminate this aliasing by using two frequency bands in the NA. 
CONCLUSIONS
In conclusion, we have given detailed explanation about the select ion of measurement setup parameters to achieve an accurate measurement of the chromatic dispersion by using the bidirectional modulation of OIM. We also propose the modified measurement system to decrease relative intensity noise caused by bidirectional transmission through the DUT. The chromatic dispersion of 2.235 km optical fiber has been measured by the proposed method. The variations of the measured dispersion at 1550 nm and the dispersion slope have been less than 0.115 ps/nm/km and 0.0044 ps/nm 2 /km, respectively. This method can be applied to measure the dispersion of various fibers such as dispersionshifted fiber and dispersion compensating fiber.
